Purpose: To propose a technique that can produce different T 1 and T 2 contrasts in a single scan for simultaneous T 1 and T 2 mapping of the carotid plaque (SIMPLE).
and complex registration of different contrasts, which may limit its clinical application. Fast quantitative T 1 and T 2 mapping of carotid plaque technique can resolve these problems by facilitating voxel-by-voxel classification of plaque components. Eliminating the need for signal intensity normalization and thus improving the reproducibility of tissue characterization by carotid MRI, T 1 , and T 2 mapping techniques may find wide application in longitudinal or multicenter studies.
A few recent studies have explored in vivo T 1 or T 2 mapping of the carotid artery. [13] [14] [15] [16] [17] Biasiolli et al. quantified T 2 relaxation times of different plaque components by using a 2D multi-echo spin-echo sequence. 13 By using 3D blackblood preparation of variable preparation times, Yuan et al. proposed a 3D T 2 mapping sequence with larger coverage and thinner slices. 16 By using inversion recovery (IR) prepared 3D golden angle radial sampling, Qi et al. developed a 3D T 1 mapping technique (GOAL-SNAP) with large coverage and isotropic spatial resolution. 15 Coolen et al. were the first to develop a combined 3D vessel wall T 1 and T 2 mapping technique. 14 Nonetheless, at least 4 separate scans were needed, which resulted in relatively long scan duration and may incur errors due to image misregistration and B 1 inhomogeneity. In addition, with only 2 data points in T 1 or T 2 mapping, T 1 and T 2 fitting can be vulnerable to noise. 14 In this work, we present a technique that allows simultaneous T 1 and T 2 mapping of carotid plaque (SIMPLE) with large coverage and 3D isotropic resolution in an 8-minute scan. It uses variable-duration T 2 preparation and IR (T2IR) for generating different T 1 and T 2 contrasts and 3D golden angle radial acquisition for efficient sampling. 18 Because the center of k-space is repeatedly sampled by each radial spoke, the T2IR signal curve is finely sampled. By using view sharing and sliding window reconstruction, a set of coregistered 3D high-resolution images with different T 1 and T 2 contrasts is generated, which subsequently yields quantitative T 1 and T 2 maps. Phantom and volunteer scans were performed to evaluate the accuracy and repeatability of T 1 and T 2 mapping by SIMPLE. Patients with carotid atherosclerosis were also imaged, in which T 1 and T 2 maps of carotid plaques by SIM-PLE were compared with conventional multicontrast images.
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| Sequence design
As shown in the sequence diagram ( Figure 1A ), SIMPLE acquisition is prepared with both adiabatic T 2 preparation 19 and IR pulses (T2IR) to generate T 1 and T 2 contrasts. To induce different T 2 weightings, the duration of T 2 preparation (TE prep ) is varied in each turbo field-echo (TFE) shot. When TE prep is set to zero, the T 2 preparation module is not performed in that TFE shot, 20, 21 which is then only IR prepared.
After a short time (T gap ), a series of RF pulses with a small flip angle (u) are performed as is in a standard spoiled gradient-echo (SPGR) sequence. For fat suppression, spatialspectral pulse for selective water excitation is adopted. Before the next T2IR, there is an amount of time (T ex ) to allow the longitudinal magnetization to recover.
F IGUR E 1 A, Schematic diagram of the T 2 and inversion recovery (T2IR) prepared 3D golden angle radial sequence, in which the 3 shown sequence blocks have different durations of T 2 preparation. After preparation, spoiled gradient echoes (SPGRs) are acquired with a flip angle of u. T gap is the time between the IR pulse and the first gradient echo, and T ex is the time between the last gradient echo acquisition and the next T 2 preparation. S1 and S2 indicate the 2 adjacent spokes in 1 shot; S1 and S1' indicate the 2 spokes acquired at the same TI in the 2 nearest shots with the same TE prep ; S1 and S3 indicate the 2 spokes acquired at the same TI in 2 adjacent shots. B, Simulated T2IR signal evolutions of vessel wall and blood. The black-blood vessel wall image is reconstructed at the near-zero point of blood
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Following T2IR preparation, 3D radial sampling is adopted for 3D isotropic acquisition. The 3D golden angle radial order proposed for the GOAL-SNAP sequence 15 is modified for SIMPLE to achieve an uniform distribution of spokes used for reconstruction at a certain TI and TE prep . Specifically, spokes acquired at the same TI in the shots with the same TE prep (S1, S1 0 , Figure 1A ) conform to the golden angle distribution, with the azimuthal angle and polar angle increments (Ds and Dt) defined by the 2D golden angle means / 1 5 0.4656 and / 2 5 0.6823 18 as
For adjacent spokes in one shot (S1, S2, Figure 1A ), the azimuthal angle and polar angle increments are defined by
where fg means getting the fraction parts, M is the total number of shots, mTE is the number of different T2IR durations. For spokes of the same TI in adjacent shots (S1, S3, Figure 1A ), the corresponding angle increments are defined as
where N is the TFE factor. Signal acquired by each spoke can be obtained by simulations according to the sequence parameters. The longitudinal magnetization for the first u pulse, M u ð1Þ, is
where M 0 is the fully relaxed longitudinal magnetization, M before T2IR is the longitudinal magnetization before T2IR, E 2 5expð2TE prep =T 2 Þ, E gap 5expð2T gap =T 1 Þ, and a is the inversion efficiency of the IR pulse. Then, the longitudinal magnetization right before the kth (k > 1) u pulse, M u ðkÞ, is
where E 1 is defined as E 1 5expð2TR=T 1 Þ, and TR is the time of repetition of the u pulse. Finally, the longitudinal magnetization before the next T2IR is
where E e is defined as E e 5expð2T ex =T 1 Þ. Ignoring T Ã 2 decay, the longitudinal magnetization can be assumed to be the measured signal. Then, based on Equations 4 to 6, signals acquired by each spoke can be determined. After several repetitions of TFE shots with alternate TE prep , the steady-state signal will be achieved. The illustrative steady-state signal curves are shown in Figure 1B. 
| Image reconstruction and T 1 /T 2 fitting
For image reconstruction, to increase the SNR, the sliding window reconstruction is performed by combining all spokes with spoke number from n to n1TW21 in all shots with the same TE prep , where TW is the temporal window width, and n is from 1 to N2TW11 with an interval of TW. To reduce undersampling artifacts, the iterative conjugate gradient SENSE reconstruction is applied. 22 Coil sensitivity maps are estimated by using spokes at TI larger than 1300 ms instead of all data to reduce phase errors associated with the inverted longitudinal magnetization. Additionally, the sensitivity maps are reconstructed in low resolution by using only the central half of k-space data to reduce noise. The lowresolution sensitivity maps are also used to correct phase errors in inverted signals.
Because the image contrast is dominated by k-space center, the image intensity of the sliding window reconstruction is determined by averaging the signals of projections from n to n1TW21, which is defined in Equation 5 . By fitting the signal curve from the reconstructed image series to the theoretically simulated signal, T 1 , T 2 , and a can be estimated voxel by voxel. Considering that variations of the u pulse caused by B 1 inhomogeneity may influence T 1 and T 2 estimation, the scaling parameter l between the actual flip angle and the nominal flip angle should also be fitted with u5lu norm , and u norm is the nominal flip angle. To account for the additional unknown l and a, the T2IR data are combined with separately acquired SPGR data at 2 or more flip angles for fitting. In addition, the unique solution for M 0 , T 1 , T 2 , a, and l can be determined by the least-squares minimization of the object function combining T2IR and SPGR data as follows:
where S T2IR;n is the signal of the nth reconstructed frame of the T2IR data; M n is the corresponding simulated signal, and the index n runs through all T2IR images; N b is the number of SPGR images; S SPGR;i is the measured signal intensity of SPGR images at the nominal flip angle b i . The combined fitting with SPGR images for simultaneous T 1 , inversion efficiency, and B 1 estimation has been applied successfully in previous studies of brain T 1 mapping.
23,24
Based on a priori knowledge that inversion efficiency and B 1 field maps should be smooth, a 2-step procedure is used in T 1 and T 2 fitting. First, all 5 parameters ðM 0 ; T 1 ; T 2 ; a; lÞ are fitted by the least-squares minimization of Equation 7 . The resulting a and l maps are smoothed by a median filter and then used as known values in the second fitting for the other 3 parameters ðM 0 ; T 1 ; T 2 Þ. The object function of the second fitting includes only T2IR data as follows:
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Using a and l as priori information reduces the number of degrees of freedom and has been shown to improve the accuracy and precision in the fitting for T 1 and T 2 . 24 The coefficient of determination is used to determine the fitting quality, and T 1 and T 2 values of pixels with coefficient of determination less than 0.95 are set to zero.
| Carotid imaging protocol
The proposed sequence was designed for carotid imaging.
All imaging experiments were performed on a 3T Philips MR scanner (Achieva TX, Best, the Netherlands). The imaging parameters are given in Table 1 . Three alternate TE prep of 0, 25, and 50 ms were adopted in SIMPLE, resulting in an 8-minute scan. Immediately following SIMPLE acquisition, 2 SPGR images (45 seconds each) were acquired using 3D radial trajectory with nominal flip angles different from that of SIMPLE. To reduce undersampling artifacts, the SPGR images were also reconstructed with conjugate-gradient SENSE iteration. Low-resolution sensitivity maps were estimated directly from the SPGR radial data by using only the central half data. For image reconstruction, TW of sliding window was selected to be 25 (250 ms/frame), resulting in 21 frames. Estimation of T 1 /T 2 was performed voxel by voxel by using this 2-pass fitting procedure. For carotid wall depiction, similar to the GOAL-SNAP work, 15 a black-blood image with near-zero luminal signal ( Figure 1B ) was reconstructed using the k-space-weighted image contrast technique to achieve both high spatial resolution and high SNR. 25 The black-blood image was used to delineate vessel wall boundaries, referred to as SIMPLE vessel wall image hereafter.
| Phantom experiments
Phantom scans were performed on 12 tubes with different T 1 and T 2 values, which were made of different concentrations of agarose (Sigma-Aldrich, St. Louis, MO) and gadoliniumdiethylenetriamine pentaacetic acid (Magnevist, Bayer Pharma AG, Berlin, Germany). The diameter of the tubes is 1.5 cm, and they are fixed on a tube holder for imaging with the distance between adjacent tube centers to be 2.1 cm. Quantitative T 1 and T 2 mapping of the phantoms were performed using SIMPLE as well as standard 2D T 1 and T 2 mapping sequences: IR spin echo (IR-SE) and multi-echo spin echo (ME-SE). Only the center slice of the SIMPLE image was imaged by the 2D mapping techniques. The imaging parameters of the 2D IR-SE were FOV 5 140 3 108 mm 2 , spatial resolution 5 1.6 3 1.7 mm 2 , slice thickness 5 5 mm, TR/TE 5 15 000/8.7 ms, 14 TIs 5 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 2500, and 3000 ms. The 2D ME-SE was performed with the same geometry setting to the 2D IR-SE, and other parameters included TR 5 15 000 ms, 8 TE values ranging from 8.5 to 68 ms with an interval of 8.5 ms. The imaging parameters of SIMPLE were the same as the in vivo imaging. The scan time of SIMPLE was 8 minutes, and the scan duration of 2D IR-SE and ME-SE were 3 hours 44 minutes and 16.5 minutes, respectively.
| In vivo experiments
Five healthy volunteers (3 males; 25.4 6 2.3 years) and 5 patients (5 males; 64.2 6 5.2 years) with carotid atherosclerosis were recruited in this study. The healthy volunteers were imaged twice on 2 separate days to test the repeatability of vessel wall T 1 /T 2 measurements. Informed consent was obtained from all subjects, and this study was approved by the institutional review board. All subjects were imaged using a commercially available 8-channel carotid coil (Chenguang, Shanghai, China). In addition to SIMPLE, healthy volunteers were also imaged by 2D modified Look-Locker inversion recovery (MOLLI) 26 and 2D T2prep-bSSFP 27 techniques with FOV 5 160 3 160 mm 2 , spatial resolution 5 1.5 3 1.5 mm 2 , 1 slice, slice thickness 5 5 mm. The MOLLI and T2prep-bSSFP were performed with low spatial resolution to maintain the SNR for accurate T 1 and T 2 estimation, and were used as references for muscle measurements. Patients were also imaged by conventional 2D multicontrast sequences including time-of-flight, black-blood T 1 -weighted TSE and T 2 -weighted TSE, 8 and SNAP sequence. 28 
| Image analysis
The SIMPLE and SPGR images were reconstructed as described previously for T 1 and T 2 estimation. For phantom . Three nonadjacent slices of the common carotid artery below the carotid bifurcation were analyzed for carotid arteries on both sides. Lumen and outer wall boundaries were drawn on the SIMPLE vessel wall image using an in-house software developed in MATLAB R2016b (MathWorks, Natick, MA). The mean T 1 and T 2 values of carotid vessel wall were calculated for each slice. Then the average and SD of the mean values from all slices were reported for healthy vessel wall. The selected slices for T 1 and T 2 measurements were matched between repeated scans by using carotid bifurcation as the landmark. For atherosclerotic arteries, reformatted axial slices with thickness of 0.8 mm and in-plane spatial resolution of 0.4 3 0.4 mm 2 centered at the plaque were analyzed. The estimated T 1 and T 2 maps were compared with conventional multicontrast and SNAP images.
| Statistical analysis
Phantom T 1 and T 2 measurements by SIMPLE were compared with 2D IR-SE and ME-SE using the Pearson's correlation and Bland-Altman analyses. In vivo T 1 and T 2 values of muscle estimated by SIMPLE were compared with MOLLI and T2prep-bSSFP using the Wilcoxon rank-sum test. For the repeated scans, the first and second T 1 or T 2 measurements of muscle and vessel wall on matched axial slices were compared using the Wilcoxon rank-sum test and the Bland-Altman analysis. The interscan coefficient of variation was also calculated. 29 Furthermore, to account for dependence among slices from the same artery, vessel wall measurements were compared using a permutation test based on the Wilcoxon rank-sum test, in which data were permutated by artery. For vessel wall coefficient of variation calculation, the bootstrap and percentile method was used to calculate the 95% confidence interval, in which resampling was performed by artery. All statistics were performed using SPSS Version 19.0 (SPSS Inc, Chicago, IL). A P value of less than .05 was considered statistically significant.
| RES U LTS
| Phantom study
The T 1 and T 2 maps of phantoms by SIMPLE were similar to those by the spin-echo references, as shown in Figure 2 . The mean T 1 and T 2 values by SIMPLE were in good agreement with those by 2D IR-SE and ME-SE (T 1 : R 2 5 0.99; T 2 : R 2 5 0.99; Figure 3A ). Bland-Altman plots showed no apparent relationship between the difference and average of T 1 or T 2 measurements by SIMPLE and 2D IR-SE, ME-SE (T 1 : P 5 .09; T 2 : P 5 .08; Figure 3B ). The histograms of T 1 and T 2 values estimated by SIMPLE in each tube were provided and compared with the 2D spin-echo methods in Supporting Information Figure S1 . Compared with 2D IR-SE, 2D ME-SE, the percent errors of T 1 estimation by SIMPLE ranged between 0.64% and 4.2%, and T 2 ranged between 0.07% and 7.1%. The mean and SD of percent errors were 2.2% 6 1.2 and 2.8% 6 1.9 for SIMPLE T 1 and T 2 measurements, respectively.
| In vivo study
All 10 subjects successfully completed the study. Figure 4 shows representative images in a healthy volunteer. The vessel wall is clearly seen on the reconstructed black-blood image ( Figure 4B ). The T 1 and T 2 maps by SIMPLE were similar to those by MOLLI T2prep-bSSFP ( Figure 4B,C Figure 5 shows 2 representative slices of a carotid plaque with IPH that shows hyperintensity on the SNAP image and iso-intensity on the T 2 -weighted image. T 1 mapping indicates that T 1 is substantially reduced in the IPH region. Figure 6 shows another plaque with IPH and calcification (hypointensity on all contrasts). A portion of the IPH region has hyperintense signals on the T 2 -weighted image. Although T 1 mapping again shows reduced T 1 , T 2 mapping indicates variable T 2 in the IPH region with higher T 2 in the regions corresponding to hyperintensities on the T 2 -weighted image. Pixels in calcification regions had low SNR and low coefficient of determination (< 0.95), so the T 1 and T 2 were set to zero. The images of 1 plaque without IPH, which had lipid, loose matrix and calcification identified on multicontrast images, 6 are shown in Figure 7 . T 1 and T 2 mapping results show low T 2 values of lipid, and elevated T 1 and T 2 values in the loose matrix region. The T 1 and T 2 values of calcification in this plaque were set to be zero.
| DI S CU S S IO N
A technique for simultaneous T 1 and T 2 mapping of vessel wall was developed in this study. The proposed sequence adopted both T 2 and IR preparations to facilitate the acquisition of different T 1 and T 2 contrasts, followed by 3D golden angle radial sampling for time-efficient acquisition. Sliding window reconstruction then generated a series of T 1 and T 2 contrasts for quantitative mapping. A rapid B 1 correction method was adopted in the T 1 /T 2 fitting procedure to correct B 1 inhomogeneity. The accuracy of T 1 and T 2 mapping by SIMPLE was demonstrated in the phantom study. Moreover, the in vivo study in healthy volunteers and patients with carotid atherosclerosis showed the feasibility and great potential of SIMPLE for quantitative atherosclerosis imaging. 
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Recently, there has been increasing interest in quantitative mapping of atherosclerosis for more automated and reproducible measurements of plaque composition. In vivo T 2 mapping of plaque has been shown to be able to quantify lipid-rich core in carotid atherosclerosis. 13, 17 In contrast, T 1 mapping may be the preferred way to monitor the IPH progression. 15, 30, 31 which is a key risk factor for clinical events.
To fulfill these needs, this study proposed the SIMPLE sequence for simultaneous plaque T 1 and T 2 quantification in a single 3D large coverage scan with the advantage of relative short scan time and good accuracy. The in vivo quantifications of atherosclerotic plaque by SIMPLE revealed the clear alternations of T 1 and/or T 2 in the plaque region, which were in agreement with signal intensity changes on the conventional multicontrast images. For example, in T 1 maps, the regions with reduced T 1 values corresponded to the regions with hyperintensity on SNAP (Figures 5 and 6 ). In T 2 maps, the regions with elevated T 2 values showed high signal on T 2 -weighted TSE (Figures 6  and 7) , whereas the regions with low T 2 had low signal on T 2 -weighted TSE ( Figure 7) . As for IPH evaluation, all of the imaged IPH regions showed decreased T 1 values estimated by SIMPLE, which reflected previous findings. 15 However, the elevated T 2 values were only observed in 1 plaque with IPH ( Figure 6 ), which may be associated with recent IPH. 32 Therefore, with the ability of simultaneous T 1 and T 2 quantification, SIMPLE may provide complementary histological information of IPH. Lipid-rich necrotic core is another important plaque component in carotid atherosclerosis. A recent study with histological validation revealed that T 2 mapping can characterize the lipid-rich necrotic core in carotid plaque. 17 The ability of SIMPLE to quantify lipid core was demonstrated by the T 2 mapping of a lipid plaque, which displays low signal on T 2 -weighted images ( Figure 7) . Technically, radial sampling was used in SIMPLE, which is intrinsically less sensitive to motion than Cartesian sampling, 33 and has been used in free-breathing abdominal imaging. 34 Therefore, radial acquisition enables the SIMPLE image reconstruction without motion artifacts corruption. Besides, the adopted 3D golden angle radial sampling is also Magnetic Resonance in Medicine the key technique for efficient acquisition and flexible reconstruction. Combing the T2IR preparation with 3D golden radial acquisition, SIMPLE is able to generate a series of images with different contrasts for T 1 and T 2 fitting. In this study, the temporal window width to reconstruct 1 T2IR frame is 250 ms and with a total of 21 frames of the T2IR series, the time interval between the first frame and the last frame is about 6 seconds. The interframe motion in the short time can be negligible, so there is no need to register the T2IR images before fitting. Considering that B 1 inhomogeneity will introduce bias to the excitation and preparation pulses, which may influence the accuracy of T 1 and T 2 estimation, in the T 1 and T 2 fitting procedure, a rapid B 1 calibration method was presented. This method combined the T2IR images with SPGR images acquired at different flip angles to correct B 1 inhomogeneity. Similar methods were used in previous studies of T 1 mapping. 23, 24 The high accuracy and reproducibility found in phantom and in vivo studies further indicate the feasibility of the proposed method.
According to previous studies of vessel wall T 1 mapping, 14 As the phantom results show, lower accuracy and higher variation were observed for larger T 1 and T 2 values estimated by SIM-PLE. This is because after the IR pulse, the magnetization recovery of larger T 1 was slower than that of smaller T 1 , so the SNR of the tubes with larger T 1 was lower than the smaller T 1 . Then the larger T 1 values were estimated with larger variations. For T 2 estimation accuracy, the major influence is the duration of T2prep, TE prep . The largest TE prep is usually set similar to the T 2 value to be estimated. 20, 21 If the largest TE prep is too small, the range of T 2 decay curve will be too small, and if it is too large, the SNR of the signal after T 2 decay will be too low, both of which will influence the accuracy of T 2 estimation. In this study, TE prep values of 0, 25, and 50 ms were chosen to cover most T 2 values of carotid plaque, but the TE prep values may not be optimal for larger T 2 , as the measurement variation will be increased due to the reduced T 2 decay range. Therefore, for future studies, if targeted at large T 1 , the number of samples across the recovery curve should be increased. For larger T 2 , the duration of T2prep should be increased to improve the estimation accuracy.
To reduce the undersampling artifacts, 250-ms view sharing was adopted in the T2IR image series reconstruction. The choice of temporal window width of view sharing is a tradeoff between the reconstructed SNR and the dynamic range for fitting. View sharing will increase the signal of the first point at the magnetization recovery curve, and thus reduce the dynamic range of magnetization, especially for short T 1 , which experiences faster recovery. However, in a previous study of brain T 1 mapping 24 it was demonstrated that 300-ms view sharing can still produce accurate estimation for T 1 less than 200 ms. Similarly, in our study, a temporal window width of 250 ms had good estimation accuracy (0.8% difference compared with 2D IR-SE) for T 1 of 326 ms. The current reconstruction setting has shown to be feasible for carotid artery imaging, and further optimization of the sliding window width was not covered in this study. The 8-minute scan time of SIMPLE was tolerated well by all the volunteers and patients in this study, and no motion artifacts were observed in the image reconstructed from radial data. However, for wider application of SIMPLE, its performance can be further improved by using advanced reconstruction algorithms such as compressed sensing and low rank, 35, 36 which can be used to shorten the scan time, improve the reconstructed image quality, or increase the spatial resolution of SIMPLE. Moreover, although 0.8-mm isotropic spatial resolution was used in a previous study of 3D vessel wall imaging 37 and 0.7-mm isotropic spatial resolution was used in a previous study of 3D carotid artery T 1 and T 2 mapping, 4 we agree that the 0.7-mm or the 0.8-mm spatial resolution used in this study may be suboptimal to image thin vessel wall. However, these techniques including SIM-PLE sequence are not aimed at normal thin vessel wall, but proposed for imaging of carotid plaque, which is featured with thickened vessel wall (focal wall thickness > 2 mm), so the 0.8-mm spatial resolution was chosen considering its tradeoff with SNR and acquisition time.
There are several limitations in this study. First, although using a phase-sensitive IR reconstruction method, a blackblood image can be reconstructed from SIMPLE to delineate lumen and vessel wall, as a common issue in IR-based techniques for carotid artery imaging, 28 ,38 the possible recirculated blood flow at the carotid bifurcation or blood flow with very fast or slow velocity may cause flow artifacts in SIM-PLE vessel wall. The flow artifacts may influence the measurements of SIMPLE in the juxta-luminal region. Second, we lacked histology validation for the in vivo experiments because of the unavailability of histological specimens. However, the conventional multicontrast imaging that has been histologically validated in previous studies was used as reference for plaque characterization. 8 Finally, more patients should be recruited in future studies to further investigate the proposed sequence. This study developed a fast, high spatial resolution technique for simultaneous 3D T 1 and T 2 mapping of vessel wall, which showed excellent agreement in measuring T 1 and T 2 of phantoms with traditional 2D spin-echo methods and high reproducibility in preliminary studies of healthy volunteers. Compared with existing T 1 -weighted and T2-weighted techniques, SIMPLE may allow us to obtain more quantitative and reproducible measurements of atherosclerotic plaque.
